Ab initio MD simulations on a polyglycine helix and water-wire expressed under periodic boundary conditions have created a channel that supports proton transfer up to distances of 10.5 Å. The effect of varying the density of water molecules in the channel has been investigated. A range of cationic states are identified with widely varying lifetimes. The mechanism of proton transport in this model shares some features with the simulations reported for bulk water, with, e.g., the hydrogen bond distance shortening in the time period leading up to successful proton transfer. However, there are also some important differences such as the observation of a heightened number of proton rattling events. We also observe that the helix plays an important role in directing the behavior of the water wire: the most active proton transport regions of the water-wire are found in areas where the helix is most tightly coiled. Finally, we report on the effects of different DFT functionals to model a water-wire and on the importance of including dispersion corrections to stabilize the α-helical structure.
Introduction
Proton transport (PT) across cell membranes is of fundamental importance in chemical biology, giving rise to many basic functions including bioenergetics, cell signalling and pH regulation. [1] [2] [3] Whilst PT is known to occur via transient water molecules across the cell membrane itself, it is more often the case that the mechanism involves proteins that span the membrane surface and act as protonspecific ion channels. Evidence for the relay of H + by buried water molecules ('water wires') mediated by the side-chains of alpha-helices have been substantiated in several channel and signalling trans-membrane proteins. Specific systems include the ion channel protein bacteriorhodopsin, 4 the influenza A virus M2 protein, 5 the MotA-MotB protein component of the flagella that drive E. Coli, 6 and the aquaporins. 7 The coding for membrane-bound proteins constitutes 25-30% of all genes, and they are implicated in many diseases such as diabetes and Parkinson's. Consequently, they are the subject of major drug target studies (in fact the drug targets for all neurological diseases are membrane-bound proteins). Their importance was further recognised in 2003 when the Nobel Prize for Chemistry was awarded to Agre and MacKinnon for their discoveries concerning channels in cell membranes.
Finding direct experimental evidence for PT is extremely challenging work. The protons are thought to be carried by a chain of water molecules, but this level of detail lies beyond the current limit for experiment. Electrophysiology experiments can provide a qualitative picture of the conduction properties of a channel by voltage measurement, but it is difficult to obtain a clear picture of what is happening. Crystal structures can also provide insight, but it too is limited. To date the most complete atomistic models available for a transmembrane protein are those for bacteriorhodopsin and its analogue, bovine rhodopsin, both of which are applied via homology modelling as general models for membrane-bound drug target proteins. [8] [9] [10] The bacteriorhodopsin structure was obtained from high-resolution electron microscopy data supplemented with X-ray diffraction data of 1.55 Å resolution. 11 Whilst this is the current state-of-the-art it is still possible to miss-assign amino acid residues, and hydrogen atom positions are far beyond reach. In addition concerns exist as to whether the protein is captured in its active or passive form. All of these issues have critical implications in understanding how the protein functions from an atomistic level.
When experimental methods yield only partial results it is the role of theory to complete the story. The accurate modelling of PT events also presents its own challenges, however, as the mechanism involves bond making/breaking events, which requires that a high level of computational modelling such as quantum mechanics (QM) is employed. In addition hydrogen atoms may quantum tunnel, and along with zero-point energy affects this may radically alter the reaction landscape. To further compound these problems, the proton hop step is a borderline rare event, meaning that some computational effort will be 'wasted' on the uninteresting wait time between events, resulting in obvious problems with statistical sampling. As with all simulations in chemical biology, a balance must be struck between a realistic (i.e. atom-rich) model that can only be supported by a low-to-medium level of computational accuracy [such as classical molecular modelling (MM) and its extensions MS-EVB [12] [13] [14] and QM/MM 15, 16 ] and a simplified, less realistic, atom-light model, that can be subjected to the higher-level quantum mechanical-based methods. Examples of the first allatom approach are plentiful in the literature, with most attention understandably focused on small, structurally well defined TMPs such as bacteriorhodopsin [17] [18] [19] , the M2 channel of the Influenza A virus 20, 21 and cytochrome C oxidase. [22] [23] [24] [25] Another example is the use of the synthetic leucine-serine channel (LS2) 26 to study PT, although this model is still too large to allow for full QM methods. 27, 28 We stress that if the PT mechanism is suspected to involve a water-wire system then it is important that the simulation takes this into account, rather than opting for the simpler unprotonated water chain system as their behaviours can be markedly different. 29 Simplified models have in the past provided valuable insight into the process of PT through membrane-bound proteins, and offer the considerable benefit that their simplicity allows generic principles to be obtained. Both restraining potentials in vacuo 30, 31 and carbon nanotubes [32] [33] [34] [35] have been successfully employed to model a non-polar pore in which water molecules are confined. The resulting PT steps observed are consistent with the general idea behind the Grotthuss mechanism, 36 i.e. the proton 'hops' along a hydrogen-bonded chain of water molecules. The critical feature of this mechanism is that the identity of the transferring proton changes, enabling faster transport than conventional diffusion of the H 3 O + species. The hydrogen bond donor-acceptor distance plays a critical role, as shortening this distance (that is, forming a Zundel or [H 5 O 2 ] + species) reduces the barrier height in the double well potential, thus facilitating the proton 'hop' step. A model with greater chemical relevancy is the β-helical polyglycine analogue of the gramcidin A channel with a water wire inserted into the internal cavity of the helix. 37 This model has been studied using QM simulations and found to support PT. In fact this model-concept is very similar to the work presented here, but we take a polyglycine α-helix expressed under periodic boundary conditions (PBCs) as our base model, which mimics a tertiary structure much more commonly found in TMPs.
To take a specific example of an alpha-helical domain, the simplest and most common structural motif consists of a bundle of four almost parallel helices. 38 We can mimic this with a model constructed from an orthorhombic box with lattice vectors a = c; the alphahelices and water chain will lie along the b-axis (see Figure 1 ). PBCs can then be applied to build an infinite array of continuous channels, removing the requirement to build in a water reservoir at the entrance and exit sites of the channel (see Figure 2 ). The inter-helical distance (and thus the diameter of the central cavity) is varied directly by the a,c lattice vectors. Due to the demands of the PBCs the length of the b-vector relates to a single alpha-helical pitch, which also happily corresponds to the typical depth of a trans-membrane protein. By making use of PBCs in this way, we can therefore utilise just one alpha-helix and one water environment to build our channel environment. The downside is, of course, that we must accept that the infinite arrays are composed of identical copies of these building blocks, but the tremendous upside is that this model-system comprises less than 150 atoms, meaning that full quantum mechanical simulations are a realistic option, thus allowing the bond making and breaking steps to be treated appropriately, and molecular dynamics (MD) simulations of the order of tens of picoseconds can be realistically harvested, thereby minimising the problems associated with rare-event sampling. In fact, to the best of our knowledge, these simulations are the first report of an alpha-helical channel/water-wire system performed entirely at the quantum mechanical level.
A potential criticism can, however, be levied at ab initio MD calculations when applied to study PT reactions. The many-electron Hamiltonian is approximated by density functional theory (DFT), and current exchange-correlation functionals lack the non-local contributions essential for the accurate modelling of a bond stretched to its breaking point, resulting typically in an underestimation of PT barrier heights. A further problem which arises in these simulations is the neglect of zero-point energy contributions (ZPC) in classical dynamics, which will result in an over-estimation of the barrier height. There are therefore two competing deficiencies in our simulations, which will partially cancel in a fortuitous manner. 39 The pure DFT functional will underestimate the PT barrier, but the neglect of the ZPC will work against this to our favour.
In this work we report on the structural stability of this model-system when subjected to ab initio MD calculations. The alpha-helix employed in this instance is the simplest possible, consisting of a right-handed helix of a single amino acid, glycine (NH 2 CHRCOOH, where R = H, the side-chain). We will demonstrate the importance of including dispersion interactions to stabilize the helical structure through the adoption of pair potential functions as suggested by Grimme. 40 We have studied the effect of changing the density of water molecules contained within the cavity (comprising eight, ten and twelve water molecules, respectively), and also studied the effect of introducing an extra proton to set up the waterwire system. Our simulations have allowed us to determine the nature and prevalence of various different cationic species that formed spontaneously during the MD simulations, and to draw some conclusions regarding the mechanism of PT within a hydrated alpha-helical channel environment. It must of course be stressed that the structures of actual transmembrane channels are significantly more complex than our model allows. Our work does however help to narrow the gap between the constrained environment models previously reported and the fully atomistic protein studies that can only be modelled using lower-level computational techniques.
II. Simulation Methods
Model: A polypeptide chain of glycine was twisted into a right handed alpha helix (with standard Phi and Psi angles of -57.0° and -47.0°, respectively) using the ARGUSLAB 41 polypeptide builder. The simulation was run under full periodic boundary conditions (PBCs) by placing one full repeat of the helix (i.e. four helical turns, comprising fifteen amino acid residues) at the corner of an orthorhombic cell to lie along cell vector b, corresponding to 26.36 Å (see Figure 1 ). Thus cell vector a (= c, initially set to 8.0 Å) defines the diameter of the inter-helical pore, into which the water environment (comprising in turn eight, ten and twelve water molecules, plus an extra proton) is placed. In this way the one helix-model is replicated to four, and in turn this packing arrangement is repeated to infinity along the a,b
and c vectors (see Figure 2 ). Note the total number of atoms for this model is less than 150, and so it is accessible to full quantum mechanical treatment.
Simulations: All simulations were run using the CP2K 42, 43 molecular dynamics simulation package with the GGA Becke-Lee-Yang-Parr (BLYP) 44, 45 functional, coupled to a dual localised (Gaussian) and plane-wave basis set description. The localised basis set was of double-zeta quality and optimised for use against the Goedecker-Teter-Hutter set of pseudopotentials 46 coupled to the BLYP functional. A series of single-point energy calculations determined the optimum energy cut-off (300 Ry), and the subsequent geometry optimisation was performed in two steps using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) 47-50 method. In the first instance atom positions only were allowed to relax; this was then followed by a series of single-point energy calculations to obtain the optimised cells vectors, during which the b vector shortened slightly (to 26.26 Å) while the a and c vectors remained unchanged. The water-wire model was then constructed by adding an extra hydrogen atom to one of the water molecules to create an oxonium ion, [H 3 O] + . The eight and twelve water-wire models were then built from this baseline model, by removing or adding two further water molecules, respectively. All three models were then subjected to atom minimisation, which then formed the starting-points for NVT ab initio molecular dynamics equilibration simulations. Dispersion, or van der Waals, interactions, which are inherently missing from DFT calculations were accounted for by the addition of a pair potential. 40 The MD simulations (maintained at 365K by a chain of Nose-Hoover thermostats) were run using the same basis set as described above for ca. 25 ps, advancing in time increment steps of 0.55 fs. After these equilibration runs, the production runs (of at least 25 ps) were then obtained under NVE conditions for each model. Visualisation of the models and the MD trajectories was performed using the VMD package. 51 We compared the boundary value with three other C-N bonds presented in other parts of the helix, and all were found to be identical to within one standard deviation. This establishes that the boundary conditions remained intact throughout the simulation, and the channel can be modelled as continuous. Figure 3 shows the root mean square deviation (RMSD) of the helix backbone over the course of two trajectories for our baseline model (comprising ten water molecules and an extra proton), relative to the initial (t = 0, i.e. optimized) structure. The plots show the importance of including the dispersion correction to prevent the helix from unravelling. With the correction in place [ Figure 3 (a)] the atom positions are shown to fluctuate noticeably, with an average displacement of 1.4(2) Å (and a maximum of 1.9 Å). Although there is no recognised standard or upper limit for the RMSD, previous studies are comparable to this one, reporting RMSDs in the range 1-1.5 Å. 32 Crucially, most of the deviation occurs within the first picosecond of the simulation, after which the plot levels off which indicates that the helix does not unfold during the course of the simulation. In the absence of the dispersion correction [ Figure 3 (b)] a slightly higher average RMSD was obtained [1.5(3) Å with a maximum value of 2.2 Å]. However, this plot does not level off after the 25 ps equilibrium period, indicating likely breakdown of the helix in this case. Thus we conclude that the dispersion interactions play a crucial role in stabilizing the alpha-helical structure, which echoes recent work on the DNA-duplex. 52 The channel radius as a function of the b axis was further investigated using the HOLE program, 53 which maps the internal cavity of the channel based on the maximum radii of a series of hard spheres. The resulting representation is given in Figure 2 , were the radii of the hard spheres was observed to fluctuate around 2.1(2) Å for most of the channel. A minimum radius of 1.15 Å 54 is required to accommodate a water molecule, thus indicating that all parts of this channel are accessible to the water-wire.
III. Results and Discussion

B. Behaviour of water wire vs. water chain.
The effect of introducing a proton to the chain of ten water molecules was investigated by a direct comparison of the oxygen-oxygen radial distribution functions (RDFs), g OO (r), obtained for the water-chain and water-wire systems.
These plots, shown in Figure 4 (a), provide information on the nature of the hydrogen bonding between the water molecules. Our results echo those of Voth et. al. obtained from studying PT in cylindrical, smooth-walled hydrophobic channels. 32 ca. 2.6 Å we cannot attribute this to a standard Eigen complex as the channel width is too narrow to accommodate this type of solvation structure. We do, however, observe many instances of an Eigen-type structure with O…O separations of around this value, where the hydrogen bond of the third water in the bulk is replaced by a contact to a carbonyl oxygen of the helix backbone to form a 'tethered' Eigen complex. Studies of excess protons in bulk water environments have suggested that of the two species the Eigen complex is the more stable. 55 Thus it would appear that the formation of the tethered Eigen complex in our model channel represents an attempt to mimic this stable species.
The O…O separations observed on the RDF from the simulation without the excess proton show a general shift to longer separations (2.85 Å) between the water oxygen atoms, which is consistent with that reported on a g(r) plot of bulk water. 31 Comparison of the g OO (r) plots suggests that the effect of the excess proton extends beyond those water molecules immediately surrounding it and leads to a structuring of the water molecules in the next solvation shell, which is in agreement with previous findings. 56 This feature is absent on the water-chain plot, thus suggesting that in the absence of the extra proton the water molecules are considerably less organised and adopt a wider distribution, presumably due to the increased mobility of the less-coordinated channel water molecules.
C. Effect of changing the density of water molecules in the channel. The simplified model
employed in this work cannot support a water reservoir at either end of the inter-helical pore.
The simulation must therefore start with a pre-determined number of water molecules already present in the pore, and so the effect of varying the density of water must be carefully checked. A comparison of the RMSDs for the eight, ten and twelve water-wire models appears to suggest that altering the density of water molecules in the central cavity does influence the behaviour of the helical scaffold. As the number of water molecules in the cavity is increased the average RMSD increases from 1.4 to 1.7 Å. This is perhaps not too surprising: the helix is over 26 Å long, and interactions with water molecules could easily activate low-energy transverse oscillations that are picked up in the RMSD plots.
Time-averaged plots obtained over 25 ps NVE trajectories for the eight, ten and twelve water-wire models are given in Figure 5 . Concentrating first on the ten-membered water wire [ Figure 5 (b)] it is apparent that for the majority of the simulation at least five of the water molecules hydrogen-bond to carbonyl groups on the alpha-helices. The excess proton travels over five (though predominantly four) of the ten water molecules, covering a distance of approximately 7.5 Å, or a quarter of the channel length, without any significant diffusion of the water molecules themselves. The pattern of hydrogen bonding within the wire and around the excess proton is seen to radiate from a central solvated oxonium ion, with the central water molecules participating in three hydrogen bonds (two with neighboring water molecules with a third contribution from a backbone carbonyl oxygen) and the outer in two (due to the loss of one hydrogen bond with a water molecule). The ordering of water molecules within the water-wire was further investigated using the average atomic distributions of water O-and H-atoms along the polyglycine channel axis, as shown in Figure   6 . The plot has two distinct regions, with those water molecules involved in PT easily distinguished from those which are not. Strong hydrogen bonding within the wire is indicated by hydrogen atom peaks that are placed between successive oxygen atoms to form a regular donor-acceptor pattern [particularly so for oxygen atoms 6-9, see Figure 6 
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Where (t) is defined to be 1 if the interaction condition between a pair of atoms is met at time t, and 0 if it is not. A hydrogen bond was defined by considering interactions between oxygen atoms that fell within a cut-off distance of R OO  3.5 Å, which was chosen to encapsulate the first peak on the g OO (r) plot shown in Figure 3 (a), along with an H-O…O angle constraint of 30. The first step in the process is to identify the oxygen atom which has the three closest hydrogen atoms, i.e. the oxonium ion (denoted O*). From there, to track a Zundel cation [H 5 O 2 ] + the O…O distance from O* to a neighbouring water molecule must be less than or equal to 2.75 Å, and these in turn must be separated from all other water molecules by a distance greater than 3.5 Å. Extensions to this methodology then allow for the higher hydrated cation species (i.e. the proton delocalised over three, four or five water molecules) to be similarly investigated. Integration of the resulting time autocorrelation functions then yield the corresponding cation lifetimes. In addition the production run MD trajectories were analysed to count the number of instances that the geometric criteria for the existence of the individual cationic states were fulfilled. The results, along with the lifetimes, are given in Table 1 . From this we see that there is a wide range in cationic state lifetimes, from tens of femtoseconds, to several picoseconds. We also observe that there is a rough correlation between the lifetimes and the prevalences for each state, i.e. in general the more times the state is formed, the longer is its lifetime. At no point was an isolated Zundel (n = 2) cation observed, however the n  3 states may contain the Zundel structure solvated by n  2 water molecules. All results are consistent with the time-averaged plots in Figure 5 and the average water distributions in Figure 6 .
The baseline ten water-wire model supports the formation of water-wires from n = 2-9, but shows a clear preference for the four membered water-wire state, (i.e. [H 9 O 4 ] + ). This state has a very long lifetime of 2.6 ps, reinforcing this as the most stable cationic state for the ten water-wire model. The reason for this lies with the fact that the water-wire in this model The lifetimes for this model indicate that the system is extremely fluxional, with all species decaying on the femtosecond timescale. Finally, the twelve water model shows a preference for the formation of longer water-wires, peaking at n = 6 and n = 10.
D. The mechanism for PT in a model alpha-helical channel.
Recent work on bulk water simulations 57, 58 has made use of g OH (r) RDFs centred on the oxonium oxygen (O*), the oxygen which will accept the proton (O next ) and its other nearest neighbours (O nearest ) averaged over the whole simulation to try and elucidate a mechanism for the PT process. A successful PT event is defined as one where the next transfer event does not see the proton simply reverse its direction. These reversals are unsuccessful and are termed 'rattling' events. For direct comparison with this work, we present our data for the ten water-wire model in this format. Figure 7 For ease of discussion we consider first the O nearest g(r) plot (dashed black line, Figure   7 ). The dominant, sharp, peak is centred at 1.1 Å, which can be assigned to the hydrogen atoms directly bound to the oxygen atoms to form a water molecule. A second, broader peak is centred at around 1. The three peaks are again present: the dominant peak at 1.1 Å, the second peak now appears as a shoulder at c.a. 1.4 Å, and the third peak is now sharper and centred around a slightly shorter distance of c.a. 3.1 Å. The fact that the second peak appears at a shorter distance makes perfect sense: the [H 3 O] + and H 2 O next molecules are closer together, hence the heightened incidences of PT rattling events. During the time period leading up to the PT event this peak shifts to the left (from 1.4 Å to 1.3 Å) demonstrating the formation of the short, strong hydrogen bond indicative of a Zundel cation, [H 2 O 5 ] + . This peak shift agrees with previous findings, 58 but we acknowledge that our data are less clear, as our second peak appears as a shoulder rather than a distinct second peak. In our channel model, all successful PT steps are preceded by a large number of unsuccessful or 'rattling' PT events as described above. This is shown in Figure 8(a) , where the identity of the oxonium ion versus time for the whole of the MD production run is displayed in the same manner as Markovitch et. al. for bulk water. 57 The rattling events are evident from the large number of incidences where the O* identity repeatedly flips with a neighbour (O next ). A plot leading up to one particular PT event that highlights the representative time intervals presented in Figure 7 is shown in Figure 8(b) , where the constant fluctuations prior to the PT event can be clearly seen. The large number of rattling events can be traced back to the fact that the direction of PT is limited in the channel environment and the positions of the water molecules are inevitably constrained by the presence of the helix.
To continue the comparison with bulk water, we also track the identity of O next [shown in One further significant deviation from the bulk water mechanism of PT can be identified. In bulk water simulations a key step to successful PT is the Eigen-Zundel-Eigen isomerisations (E-Z-E) 36, 59 which indicates the importance of hydrogen bond cleavage to successful PT. The previous work 58 validated this E-Z-E theory as analysis of the oxygen atom coordination number clearly showed the breaking and formation of hydrogen bonds along the PT trajectory: O next looses a hydrogen bond (the coordination drops from four to three), and O* gains a hydrogen bond (the coordination rises from three to four). A channel environment cannot support the same characteristics as it imposes natural limits on the number of hydrogen bonds a water molecule can form. In our simulation a maximum value of three is observed (see Figure 7) , i.e. two hydrogen atoms are directly coordinated to the oxygen atom and a third is accepted from a neighbouring water molecule. Thus we can conclude that the water molecules in the channel are coordinatively unsaturated. In the case of the close hydrogen bonded network involved in PT this coordination number will not change, i.e. unlike bulk water the breaking of a hydrogen bond is not a precursor to a successful transfer event. This study therefore highlights an important difference in the PT mechanism for a channel environment compared to bulk water.
Finally, as our model is more chemically relevant than the work that has gone before us, [29] [30] [31] [32] [33] [34] we should be able to report more on the properties specific to an alpha-helical channel environment. We have already observed some evidence that as the density of water in the channel increases the amount of helical movement also increases. Looking more closely at the time-averaged pictures in Figure 6 also suggests that the active PT regions of the water-wire correspond with those areas of the helix that are most tightly coiled. Or conversely, water diffusion behaviour is observed over those regions where the helix has undergone the most visible change. This is particularly noticeable in the top section of the eight water-wire model ]. The PBE plot shows a shift to shorter OO separations, with the distribution peaking at 2.65 Å compared to the 2.75 Å maximum for the BLYP model, which is itself in good agreement with experiment. 62 The secondary solvation shell is much more distinct in the PBE wire-model with a narrower, more defined peak at 4.3 Å as opposed to the larger spread observed for the BLYP model. We also note that from a structural chemistry perspective the orientation of the water molecules within the wire in the PBE model are in more optimal positions for PT than observed in the BLYP simulation, and yet the overall degree of PT observed with this functional is suppressed. While the proton does travel over six of the water molecules, around 96% of its time is spent on O(9) and O (8) . There are therefore significantly fewer successful PT events and greatly increased unsuccessful rattling events. From these results we therefore conclude that the BLYP functional appears to provide a more dynamical description of the water-wire. Previous work 63 tested the accuracy of common density functional methods using six-and eight-water clusters. Using MP2 calculations as a benchmark they found that while the PBE functional provided a closer estimate of the geometry, the BLYP functional calculated the energy to a greater level of accuracy. Overall the hybrid functional B3LYP was suggested as the best DFT functional for this purpose. However, from an ab initio molecular dynamics perspective we note that any higher level functional that makes use of the Fock matrix for exact exchange is likely to remain intractable when coupled to a plane-wave basis set for some time to come.
IV. Conclusions
A very simple model for a trans-membrane protein channel that supports PT has been successfully constructed and subjected to various ab initio MD simulations. The maximum distance traveled for an excess proton along a chain of water molecules in the absence of any external driving force is approximately 10.5 Å, which corresponds to around 1.5 helical turns.
The addition of an excess proton to a water chain was observed to set up long-range cooperativity between water molecules, with evidence of the formation of second solvation shells observed in g(r) plots. This is consistent with previous findings. The effect of altering the number of water molecules within the channel was also investigated. Some evidence was observed that the water molecules exerted some influence on the behaviour of the helix, with the RMSD for the model increasing slightly with water density. It was also observed that the regions of the channel that supported PT, rather than water diffusion, were those that were more tightly coiled. Within the wire a range of cationic species were observed, with lifetimes recorded over a wide range (from 10 fs to 2.6 ps).
The mechanism for PT in this alpha-helix channel model showed significant differences to that observed for bulk water. The Eigen-Zundel-Eigen isomerisations necessary for the propagation of an excess proton through bulk water are not possible in the channel environment. We observe that the number of coordinated hydrogen atoms around an oxygen atom remains constant at three, i.e. it is not necessary to break a hydrogen bond for PT to occur as has been reported in bulk water simulations. Instead, there is a heightened incidence of proton 'rattling' events throughout the simulation, where the proton constantly flips between two neighbouring molecules. Consequently, the amount of time the excess proton stays coordinated to any one particular water molecule is reduced, and the statistical certainty 
